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1. In t roduc t ion  

I t  i s  1 4  yea r s  s i n c e  t h e  las t  i n t e r n a t i o n a l  symposium on s o l a r  e c l i p s e s  
was h e l d  i n  Lond-on i n  1955 (Beynon and Brown 1956).  This i n t e r v a l  o f  14 y e a r s  
has  r ep resen ted  t h e  advent o f  t h e  space age,  and t h e  r e s u l t s  o f  t h i s  cons iderable  
p e r i o d  o'f enhanced a c t i v i t y  on research on t h e  e a r t h ' s  environment provide  most 
of t h e  material f o r  t h i s  paper .  
summary has  r e c e n t l y  been prepared (Rishbeth 1968) o f  ionospher ic  t heo ry  
p e r t i n e n t  t o  s o l a r  e c l i p s e s ,  based on a paper  presented  a t  t h e  Summer School 
on Ionosphere h e l d  a t  Corfu i n  1966. 1. 

My task  i s  made e a s i e r  by t h e  f a c t  t h a t  a 
4 

Most o f  t h e  information der ived  about t h e  ionosphere from s o l a r  e c l i p s e s  
comes from a comparison of  t he  behavior  o f  t h e  ionosphere dur ing  e c l i p s e  con- 
d i t i o n s  with i t s  behavior  a t  t h e  same s o l a r  e l e v a t i o n  angle  under f u l l - s u n  
condi t ior i s .  In  t h i s  survey,  I s h a l l  d i scuss  f irst  those  a spec t s  of  s o l a r  
r a d i a t i o n  which a r e  important i n  so1a.r e c l i p s e s ,  and then  d i scuss  effects  i n  
t h e  E ,  F and D reg ions  i n  t h a t  o rder ;  which is  i n  fac t  t h e  o r d e r  o f  i n c r e a s i n g  
complexity.  

2. S o l a r  r a d i a t i o n  i n  an e c l i p s e  

As t h e  d i s c  o f  t h e  sun i s  covered by t h e  moon dur ing  a t o t a l  s o l a r  e c l i p s e ,  
t h e  s o l a r  f l u x  i n  each wavelength region is  p rogres s ive ly  reduced, r e l a t i v e  
t o  i * s  unec l ipsed  va lue .  The r a t i o  o f  t h e  ins tan taneous  s o l a r  f l u x  a t  a given 
wavelength t o  i t s  unec l ipsed  va lue  is termed t h e  "ec l ip se  funct ion".  For 
v i s i b l e  r a d i a t i o n ,  i t  i s  u n i t y  a t  f i r s t  and fou r th  con tac t ,  and zero  a t  second 
and t h i r d  con tac t  f o r  a t o t a l  e c l i p s e .  
x - ray  r eg ion ,  however, i t s  behavior  i s  q u i t e  d i f f e r e n t  i n  two ways. F i r s t ,  
r eg ions  o f  i nc reased  b r i g h t n e s s  on t h e  s o l a r  d i s c  may cause the  e c l i p s e  
f u n c t i o n  t o  change i r r e g u l a r l y  with s o l a r  obscura t ion ;  and second, r a d i a t i o n  
from o u t s i d e  the  v i s i b l e  d i s c  may give an e c l i p s e  func t ion  which does not  
become zero  even when t h e  whole v i s i b l e  d i s c  is covered ( i n  o t h e r  words, an 
e c l i p s e  which is t o t a l  f o r  v i s i b l e  l i g h t  may be  annular  f o r  o t h e r  wavelengths) .  

For wavelengths i n  t h e  u l t r a v i o l e t  o r  

As an example of  a d i r e c t  measurements o f  t h i s  f i r s t  e f f e c t ,  F igure  1 
(Landini -- e t  a l . ,  1966) shows t h e  v a r i a t i o n  o f  s o l a r  x-ray i n t e n s i t y  i n  t h r e e  
wavelength reg ions  dur ing  t h e  s o l a r  e c l i p s e  o f  Flay 20,  1966, a s  seen by t h e  

*The p repa ra t ion  o f  t h i s  paper  was supported by t h e  Nat ional  Aeronautics and 
Space Adminis t ra t ion under g ran t  N G R  013. 
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t h e  e c l i p s e  func t ion  decreased f a i r l y  uniformly wi th  time. 
wavelengths (1-8 and 8-16 A) which produce i o n i z a t i o n  i n  t h e  D and lower E 
reg ions  of  t h e  ionosphere,  however, t he  s o l a r  d i s c  was very non-uniform i n  
b r i g h t n e s s .  
func t ion  f o r  t h e  appropr i a t e  wavelength reg ion ,  r a t h e r  than simply t h e  un- 
obscured f r a c t i o n  o f  t h e  v i s i b l e  d i s c .  
t h a t  one o f  t h e  few s o l a r  r a d i a t i o n  s a t e l l i t e s  w i l l  be  a v a i l a b l e  i n  the  pa th  
of  any given e c l i p s e ,  p a r t i c u l a r l y  during i t s  maximum phase.  Photographs o f  
t he  s o l a r  d i s c  us ing  rocke t  spectrographs a t  va r ious  wavelengths a r e  h i g h l y  
d e s i r a b l e ,  i n  t h a t  they  show t h e  cont r ibu t ion  of a c t i v e  reg ions  i n s i d e  and 
o u t s i d e  the  d i s c  with g r e a t e r  r e so lu t ion  then  can b e  obta ined  us ing  a v a i l a b l e  
techniques from p i c t u r e s  o f  t h e  f u l l  sun. 

For u l t r a v i o l e t  r a d i a t i o n  i n  t h e  1225-1350 A reg ion ,  
A t  t h e  x-ray 

Any a n a l y s i s  of D- and E-region i o n i z a t i o n  must use an e c l i p s e  

Unfortunately,  i t  i s  q u i t e  u n l i k e l y  

Our lack o f  knowledge as t o  t h e  p r e c i s e  amount of  coronal  r a d i a t i o n  
which comes from o u t s i d e  the  s o l a r  disc is p a r t i c u l a r l y  important f o r  t h e  
i n t e r p r e t a t i o n  of  E-region ionospheric  measurements dur ing  s o l a r  e c l i p s e s .  
For t h i s  reg ion ,  x-ray and u l t r a v i o l e t  r a d i a t i o n  are approximately equa l ly  
important  i n  producing i o n i z a t i o n .  Few observa t ions  are a v a i l a b l e  of  t h e  
r e s i d u a l  x-ray i n t e n s i t y  dur ing  t o t a l i t y .  The Naval Research Laboratory 
group (Friedman 1962),  u s ing  rocket-borne photometers during t h e  s o l a r  ecz ipse  
of October  12, 1958, found a r e s idua l  i n t e n s i t y  a t  t o t a l i t y  i n  t h e  44-60 A 
x-ray band o f  about 10-13 pe rcen t  of t h e  f u l l - s u n  emission.  
(19653 found 22 pe rcen t  r e s i d u a l  i n t e n s i t y  during t h e  p a r t i a l  e c l i p s e  o f  
J u l y  20, 1963 a t  F t .  C h u r c h i l l ,  Canada, when t h e  v i s i b l e  d i s c  was 9 .5  p e r c e n t  
uncovered. 
t h a t  h a l f  o f  t he  r a d i a t i o n  followed t h e  x-ray e c l i p s e  func t ion ,  and h a l f  
followed the  unobscured area o f  t h e  v i s i b l e  d i s c .  

Smith -- e t  a l .  

The i r  b e s t  i n t e r p r e t a t i o n  of  t h e  €-region i o n i z a t i o n  d a t a  was 

Lacking such d e t a i l e d  information as t h a t  i l l u s t r a t e d  i n  Figure 1, f o r  
most e c l i p s e s ,  it is  d i f f i c u l t  t o  make assumptions which a r e  any more sophis -  
t i c a t e d  than those  j u s t  o u t l i n e d .  There is an obvious need f o r  more a c c u r a t e  
de t e rmina t ions  of t h e  x-ray i n t e n s i t y  as a func t ion  o f  a l t i t u d e  i n  t h e  s o l a r  
atmosphere;  t h e s e  could be  made, f o r  example, by a rocket-borne spectrograph 
of r e l a t i v e l y  low angular  r e so lu t ion ,  f i r e d  dur ing  t h e  e a r l y  pe r iod  o f  v i s i b l e -  
l i g h t  e c l i p s e  t o t a l i t y .  

3 .  The E reg ion  during.  a s o l a r  e c l i p s e  

Ths t y p i c a l  behavior  o f  E-region i o n i z a t i o n  dur ing  a s o l a r  e c l i p s e  i s  we l l  
i l l u s t r a t e d  by Figure  2 ,  from Szendrei and blcElhinny (1956). The minimum o f  
e l e c t r o n  d e n s i t y  occures  c l o s e  t o  the time o f  second and t h i r d  con tac t ,  and i s  
about  h a l f  t h a t  on t h e  normal day. Also i l l u s t r a t e d  on Figure 2 are s e v e r a l  
curves  found by so lv ing  t h e  con t inu i ty  equat ion f o r  t h e  i o n i z a t i o n ,  on 
t h e  assumptions t h a t  t h e  r a t e  of  e l ec t ron  product ion was p ropor t iona l  t o  t h e  
unec l ip sed  a r e a  of t h e  v i s i b l e  d i s c ;  and t h a t  t h e  recombination c o e f f i c i e n t  of  
t h e  i o n i z a t i o n  was cons tan t  with values from 5 x t o  2 x cm3 sec- l .  
Ev iden t ly ,  a high recombination c o e f f i c i e n t  produces a much s h a r p e r  minimum i n  
t h e  e l e c t r o n  d e n s i t y  than  t h a t  observed; whi le  a low va lue  produces a minimum 
which is  much delayed from t h e  time when t h e  minimum e l e c t r o n  d e n s i t y  was 
observed .  
an e f f e c t i v e  recombination c o e f f i c i e n t  which va r i ed  dur ing  t h e  e c l i p s e ;  f o r  
i n s t a n c e ,  Rates and hlcDowell (1957) suggested t h a t  two ions with q u i t e  d i f f e r e n t  
recombinat ion c o e f f i c i e n t s  might be p r e s e n t ,  r e s u l t i n g  i n  an e f f e c t i v e  recombin- 
a t i o n  c o e f f i c i e n t  t h a t  changed throughout t h e  e c l i p s e  as t h e  r e l a t i v e  concen t r a t ions  

Many a t tempts  were made t o  exp la in  t h i s  discrepancy on t h e  b a s i s  on 
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of t h e  two ions changed. Bowhill (1961) showed t h a t  one could o b t a i n  a reasonably 
good f i t  t o  var ious  E-region experimental  r e s u l t s  by assuming ions  wi th  recom- 
b i n a t i o n  c o e f f i c i e n t s  of about 6 x and 6 x cm3 s e c - l .  The ions were 
t e n t a t i v e l y  i d e n t i f i e d  as those  o f  n i t r i c  oxide and molecular  oxygen. 
it is now known from l abora to ry  measurements t h a t  t h e  c o r r e c t  recombination 
c o e f f i c i e n t s  f o r  t h e s e  ions  are about 5 x lo-' and 2 x 
t i v e l y ,  s o  obviously t h i s  explanat ion i s  not  t e n a b l e .  

However, 

cm3 s e c - l ,  respec-  

Some a t tempts  have been made t o  r e c o n c i l e  t h e  experimental  r e s u l t s  with a 
s i n g l e  va lue  o f  recombination c o e f f i c i e n t  by assuming t h a t  s t r o n g  d i s c r e t e  
sources  o f  r a d i a t i o n  a r e  p re sen t  wi th in  t h e  v i s i b l e  s o l a r  d i s c .  However, such 
ana lyses  have n e a r l y  always concluded t h a t  very s t r o n g  limb b r igh ten ing  i s  p re -  
s e n t ,  b u t  with t h e  western limb much b r i g h t e r  than  t h e  e a s t e r n .  There seems t o  
be no phys ica l  reason why t h i s  would be expected; and, i n  f ac t ,  i t  can be shown 
t h a t  t h i s  apparent  r e s u l t  follows n a t u r a l l y  from t h e  assumption o f  a recombin- 
a t i o n  c o e f f i c i e n t  l a r g e  enough t o  prevent E-region i o n i z a t i o n  from disappear ing  
more r a p i d l y  than is  observed during t h e  pe r iod  of  t o t a l i t y .  Evident ly ,  it is 
t h e  n e g l e c t  of  r e s i d u a l  r a d i a t i o n  a t  t o t a l i t y  which causes  t h e  d i f f i c u l t y .  

Taubenheim and Serafimov (1969) have e s t a b l i s h e d  an i n t e r e s t i n g  model f o r  
t h e  May 1966 s o l a r  e c l i p s e  i n  southern Europe, i n  which they  assumed a coronal  
c o n t r i b u t i o n  t o  t h e  t o t a l  i o n i z i n g  i n t e n s i t y ,  p ropor t iona l  t o  t h e  i n t e n s i t y  o f  
t h e  green coronai  l i n e  
than  8 x 10-8 cm sec-') i s  i n  much b e t t e r  agreement wi th  l abora to ry  measurements 
t han  r e s u l t s  t y p i c a l l y  obta ined  f o r  s o l a r  e c l i p s e s .  

The recombination c o e f f i c i e n t  they  e s t ima te  ( g r e a t e r  . 

Another argument i n  f avor  o f  t he  h igh  values  f o r  recombination c o e f f i c i e n t  
is t h e  symmetry of t h e  E-region e l e c t r o n  dens i ty  v a r i a t i o n  about t h e  c e n t e r  o f  
t o t a l i t y .  
e l e c t r o n  d e n s i t y  of  5 x 
e l e c t r o n  d e n s i t y  r e l a t i v e  t o  t h e  cen te r  o f  t o t a l i t y  o f  about 20 s e c ,  s c a r c e l y  
d e t e c t a b l e  with normal experimental  t echniques .  
(say,  
t han  commonly observed (see ,  f o r  i n s t ance ,  Figure 3 ) .  

A recombination c o e f f i c i e n t  o f  5 x cm3 s e c - l ,  wi th  a minimum 
cm-3, would y i e l d  a t ime de lay  of  t h e  minimum 

Lower recombination c o e f f i c i e n t s  
cm3 sec-1)  would g ive  about 17 min time de lay ,  s i g n i f i c a n t l y  g r e a t e r  

I f ,  then ,  we accept  t h e  p o s i t i o n  t h a t  t h e  E-region i o n i z a t j o n  is  e s s e n t i a l l y  
i n  photoequi l ibr ium throughout even a t o t a l  s o l a r  e c l i p s e ,  i t  fol lows t h a t  t h e  
minimum value  . o f  t h e  e l e c t r o n  dens i ty  should b e  due p r i m a r i l y  t o  x - r ad ia t ion  
from t h e  sun.  Since t h i s  r a d i a t i o n  is s u b s t a n t i a l l y  g r e a t e r  a t  s o l a r  maximum 
than  s o l a r  minimum, it should be found t h a t  i n  a pe r iod  of  low sunspot  a c t i v i t y  
t h e  E- layer  e l e c t r o n  d e n s i t y  decreases  on t h e  average by a l a r g e r  r a t i o  than 
i n  a time o f  high sunspot  a c t i v i t y .  
e c l i p s e s  t o  s e e  i f  t h i s  hypothes is  is supported by E- layer  c r i t i c a l  frequency 
measurements. 

I t  would be i n t e r e s t i n g  t o  review p a s t  

I t  has  been known f o r  many years  t h a t  t h e  d a i l y  v a r i a t i o n  of  t h e  e a r t h ' s  
magnet ic  f i e l d  i s  a f f e c t e d  by the  passage o f  an e c l i p s e  (Bauer 1910) .  The 
effect  i s  apparent ly  due t o  a change i n  t h e  conduc t iv i ty  o f  t he  E-region,  
produced by t h e  decreased i o n i z a t i o n  i n  t h e  e c l i p s e  p a t h .  Bomke -- e t  a l .  (1967) 
have used t h i s  e f f e c t  t o  e s t ima te  the  E-layer  recombination c o e f f i c i e n t  dur ing  
t h e  November 1966 s o l a r  e c l i p s e  i n  Peru,  by s u b t r a c t i n g  t h e  d i u r n a l  v a r i a t i m  of  
t h e  magnetic f i e l d  on a normal day from t h e  e c l i p s e  day r e s u l t s .  The d i f f e r e n c e  
f i e l d ,  shown i n  Figure 4 ,  exh ib i t ed  a t ime delay o f  n e a r l y  t h r e e  minutes r e l a t i v e  
t o  t h e  optinium loca t ion  o f  t h e  E-layer  shadow, which he suggested might be due 



t o  a f i n i t e  recombination c o e f f i c i e n t  f o r  t h e  E-region i o n i z a t i o n .  However, 
Matsushi ta  (1966) has  poin ted  out t h a t  magnetic v a r i a t i o n s  i n  s o l a r  e c l i p s e s  
must be i n t e r p r e t e d  with cau t ion ,  as t h e  e f f e c t  o f  t h e  e c l i p s e  i s  t o  i n s e r t  
a p a r t i a l  i n s u l a t o r  i n  t h e  pa th  o f  the  dynamo cu r ren t  system, and t h a t  t he  
dynamo cu r ren t  may b e  d i v e r t e d  around t h e  obs t ac l e ;  r e s u l t i n g  i n  effects t h a t  
are hard  t o  estimate quan ta t ive ly .  

F i n a l l y ,  t h e r e  have r e c e n t l y  been some measurements of  ion  composition 
i n  t h e  E reg ion  dur ing  a s o l a r  e c l i p s e .  
show t h e  r e l a t i v e  abundances o f  var ious ions on a con t ro l  day and dur ing  t o t a l i t y ,  
r e s p e c t i v e l y ,  f o r  t h e  November 1966 t o t a l  s o l a r  e c l i p s e  i n  southern  Brazil .  
While the  t o t a l i t y  measurements extended t o  only a l i t t l e  above 95 km, t h e  
p a t t e r n  o f  behav io r  is c l e a r l y  t h a t  t h e r e  i s  no s u b s t a n t i a l  change i n  E-layer  
ion  composition during t h e  e c l i p s e .  This  lends f u r t h e r  suppor t  t o  t h e  idea  
t h a t  photoequi l ibr ium i s  maintained even a t  t o t a l i t y ;  r e s u l t i n g  i n  a n e a r l y  
cons tan t  r a t i o  o f  ion  abundance, even though t h e  recombination c o e f f i c i e n t s  
may no t  be i d e n t i c a l .  Such change as i s  evident  i s  i n  t h e  d i r e c t i o n  o f  an 
i n c r e a s e  i n  t h e  r e l a t i v e  abundance o f  n i t r i c  oxide ions .  S ince ,  under f u l l -  
sun c o n d i t i o n s ,  t h e r e  i s  an approximately equal con t r ibu t ion  from x-rays and 
from t h e  u l t r a v i o l e t  Lyman-@ r a d i a t i o n ,  t h e  fact  t h a t  t h e  e c l i p s e d  sun r a d i a t e s  
p r i m a r i l y  x- rays ,  which i o n i z e  a l l  atmospheric c o n s t i t u e n t s  ( inc lud ing  atomic 
oxygen and molecular  n i t r o g e n ,  which presumably c o n t r i b u t e  t o  t h e  n i t r i c  oxide 
ion  c o n c e n t r a t i o n ) ,  would l ead  one t o  expect t h e  r e l a t i v e  abundance o f  molecular 
oxygen i o n i z a t i o n  t o  decrease  somewhat. 

Figures  5 and 6 (Narc is i  -- e t  a l .  1969) 

4 .  The F reg ion  dur ing  a s o l a r  eclipse - 

The key problem i n  t h e  i n t e r p r e t a t i o n  o f  F-region ionospher ic  r e s u l t s  
du r ing  s o l a r  e c l i p s e s  i s  t h a t  of d i s t i ngu i sh ing  chemical from dynamic effects  
(Rishbeth 1968). I f  i o n i z a t i o n  movements can b e  neg lec t ed ,  t h e  sys t ema t i c  
v a r i a t i o n  of i o n i z a t i o n  product ion r a t e s  through a s o l a r  e c l i p s e  can give 
good measurements o f  t h e  ra te  of  recombination o f  F-region i o n i z a t i o n ,  s i n c e  
t h e  t ime cons t an t s  involved (unl ike  those  i n  t h e  E reg ion)  a r e  comparable wi th  
t h e  e c l i p s e  du ra t ion .  

Due t o  t h e  e f f e c t s  of t h e  e a r t h ' s  magnetic f i e l d ,  it happens t h a t  dynamic 
e f f e c t s  a r e  much less important  i n  t h e  F region a t  low l a t i t u d e s ,  where t h e  
magnet ic  f i e l d  is  n e a r l y  h o r i z o n t a l .  The 1958 experiment o f  Van Zandt -- e t  a l .  
(1960) ,  reproduced he re  on Figure 3, i l l u s t r a t e s  t h e  type o f  behav io r  t h a t  i s  
t y p i c a l l y  encountered.  The minimum e l e c t r o n  dens i ty  i s  delayed a f t e r  t o t a l i t y  
by an amount which inc reases  wi th  a l t i t u d e ;  and t h e  depth o f  t h e  minimum i n  
e l e c t r o n  d e n s i t y  decreases  correspondingly.  Values o f  t h e  e l e c t r o n  l o s s  coef- 
f i c i e n t  deduced from t h e s e  e c l i p s e  r e s u l t s  are i n  good accord with r e c e n t  
l a b o r a t o r y  measurements o f  ion-atom in te rchange  r a t e  c o e f f i c i e n t s ,  when combined 
wi th  models o f  F-region molecular  oxygen and n i t r o g e n  concen t r a t ions .  General ly  
similar r e s u l t s  were found by Skinner (1967) f o r  t h e  October 1959 e c l i p s e  i n  
N i g e r i a .  

A complicat ion i n  F-region chemistry i n  s o l a r  e c l i p s e s  is  the  observa t ion  
t h a t  if the  F1-layer  i s  absent  p r i o r  t o  t h e  e c l i p s e ,  i t  u s u a l l y  appears a f t e r  
t h e  e c l i p s e  bcgins .  As i s  well known, t h e  a l t i t u d e  of t h e  F1-layer  maximum 
is c l o s e  t o  t h e  t r a n s i t i o n  i n  t h e  ion composition between t h e  predominantly 
molecular  ions  of  t h e  E reg ion  and t h e  predominantly atomic ions of t h e  F 
r e g i o n .  De JaEer  and Gledh i l l  (1963) have s u c c e s s f u l l y  expla ined  t h i s  cur ious  



F1-layer behavior  i n  terms o f  t h e  change i n  c h a r a c t e r  of t h e  l o s s  process  a t  
t h e  a l t i t u d e  o f  t h e  ion  composition t r a n s i t i o n .  

A t  medium l a t i t u d e s ,  t h e  behavior  o f  t h e  e a r t h  dur ing  an e c l i p s e  i s  q u i t e  
Figure 7 shows a p r o f i l e  o f  t h e  F2-layer  e l e c t r o n  d e n s i t y  measured d i f f e r e n t .  

wi th  t h e  Thomson-scatter r a d a r  a t  b4illstone H i l l  by Evans (1965). 
t o  t h e  con t ro l  days,  t h e  e l e c t r o n  dens i ty  on t h e  e c l i p s e  day a c t u a l l y  i n c r e a s e s .  
Careful  comparison of Figures  7(a)  and 7(b)  shows t h a t  t h e  e l e c t r o n  d e n s i t y  
has  inc reased  below 450 km a l t i t u d e  dur ing  t h e  e c l i p s e ,  b u t  h a s  decreased above 
t h a t  a l t i t u d e .  Evident ly ,  t h e r e f o r e ,  t h e  decrease  i n  i o n i z a t i o n  product ion  i n  
t h i s  e c l i p s e  is r e l a t i v e l y  unimportant compared with t r a n s p o r t  e f f e c t s ;  t h e  
i o n i z a t i o n  i n  t h e  tops ide  o f  t h e  F l aye r  has  migrated down t h e  f i e l d  l i n e s ,  
r e s u l t i n g  i n  an enhancement o f  t h e  e l ec t ron  dens i ty  a t  t h e  F2 peak. 

R e l a t i v e .  

The reason f o r  t h i s  r a p i d  d i f f u s i o n  o f  t ops ide  i o n i z a t i o n  is  shown on 
Figure 8, d e p i c t i n g  t h e  r a t i o  of e l ec t ron  t o  ion  temperature  ( a l s o  measured 
by t h e  Thomson-scatter technique)  on t h e  con t ro l  days and on t h e  e c l i p s e  day. 
Whereas on a normal day t h e  r a t i o  i s  aliout 2 ,  on t h e  e c l i p s e  day i t  f a l l s  t o  
as low as 1 . 2  (and it can be shown t h a t  t h e  change involved is most ly  i n  t h e  
e l e c t r o n  r a t h e r  than  i n  t h e  ion  temperature) .  The d i s t r i b u t i o n  o f  i o n i z a t i o n  
i n  t h e  t o p s i d e  of t he  F l a y e r  i s  con t ro l l ed  by t h e  plasma s c a l e  h e i g h t ,  which 
i n  t u r n  i s  determined by t h e  sum of t h e  e l e c t r o n  and ion tempera tures .  S ince  
t h i s  sum has decreased by approximately 30 percent  during t h e  e c l i p s e ,  i t  
follows t h a t  t h e  plasma s c a l e  he ight  must have decreased by a l i k e  f a c t o r ,  
r e s u l t i n g  i n  a sudden downward d i f f u s i o n  of i o n i z a t i o n  from t h e  t o p s i d e  i n t o  
the  F2-layer  peak; i nc reas ing  i t  by t h e  amount shown. On t h i s  b a s i s ,  t h e r e f o r e ,  
one would expect  t h a t  a measurement o f  t o t a l  e l e c t r o n  content  of t h e  ionosphere 
would not  show t h i s  i nc rease ;  and, i n  f ac t ,  might be expected t o  dec rease ,  i f  
anything.  bleasurements i n  t h e  same e c l i p s e  by Klobuchar and lVhitney (1965) 
i n  fac t  showed a decrease i n  t o t a l  e l e c t r o n  content  a t  t h e  time o f  t h e  e c l i p s e .  

This s t r o n g  v a r i a t i o n  i n  t h e  thermal s t r u c t u r e  o f  t h e  ionosphere dur ing  an 
e c l i p s e  is  due t o  t h e  very r ap id  na ture  o f  t h e  processes  by which t h e  i o n i z a t i o n  
is hea ted  (Ge i s l e r  and Bowhill,  1965) . Photoelectrons produced throughout t h e  
F reg ion  migra te  a long t h e  l i n e s  of t h e  e a r t h ' s  magnetic f i e l d ,  g iv ing  up energy 
by i n e l a s t i c  c o l l i s i o n s  t o  t h e  ne i l t ra l  atmosphere, and by Coulomb i n t e r a c t i o n s  
t o  t h e  ambient i o n i z a t i o n .  If  produced above 400 km, they may i n  fact  escape 
from t h e  ionosphere and cont inue along t h e  f i e l d  l i n e s  t o  t h e  geomagnetic 
conjugate  p o i n t .  I f  t h e  source o f  t h e s e  photoe lec t rons  i s  removed by a t o t a l  
e c l i p s e ,  i t  t akes  only a few seconds f o r  t h e  ionosphere t o  cool t o  a temperature  
approaching t h e  n e u t r a l  gas temperature ,  t h e  only remaining h e a t  source  be ing  
conduction from t h e  h o t  protonospheric  i o n i z a t i o n  i n  t h e  same f i e l d  tube .  
i o n i z a t i o n  i t s e l f ,  of course ,  will r e a c t  much more s lowly t o  changes i n  thermal 
s t r u c t u r e ,  t h e  r a t e  be ing  l imi t ed  by t h e  d i f f u s i o n  o f  i o n i z a t i o n  t o  t h e  n e u t r a l  
gas .  However, i t  will be much more r a p i d  a t  t h e  h ighes t  a l t i t u d e s .  A prope r  
s o l u t i o n  of t h e  e c l i p s e  problem requ i r e s  e s t a b l i s h i n g  t h e  t ime-varying c o n t i n u i t y  
equa t ion  f o r  t h e  i o n i z a t i o n ,  inc luding  t r a n s p o r t  e f f e c t s  due t o  changes i n  t h e  
thermal  s t r u c t u r e .  Work on t h i s  sub jec t  i s  only beginning (Cho and Yeh, 1970),  
and h a s  no t  y e t  been appl ied  t o  t h e  s o l a r - e c l i p s e  case .  

The 

An i n t e r e s t i n g  aspec t  of F-region e c l i p s e  e f f e c t s  i s  t h e  p o s s i b i l i t y  of 
observ ing  p e r t u r b a t i o n s  i n  t h e  ionosphere a t  t h e  po in t  conjugate  t o  t h a t  e c l i p s e d  
(t laubert  and Lalo;, 1963; Rousquet - e t  -- a1 ., 1967).  
a t i o n  between t h e  con t r ac t ion  of  the  e c l i p s e  F 2  layer ,  w i t h  t h e  r e s u l t a n t  drop 
i n  plasma p res su re  a t  t he  top  o f  the ionosphere,  and a movement of i o n i z a t i o n  

One might t h ink  o f  an a s soc i -  



I 

from the  conjugate  hemisphere along the  f i e l d  l i n e s ,  which would tend  t o  reduce 
the  peak e l e c t r o n  dens i ty  a t  t h e  conjugate p o i n t .  
p r e s s i o n a l  wave t o  t r a v e l  from one hemisphere t o  t h e  o t h e r  through t h e  pro ton-  
osphe r i c  plasma would imply a de lay  of s e v e r a l  hours  i n  t h e  conjugate  e f fec t .  
An a l t e r n a t i v e  p o s s i b i l i t y  a r i s e s  from t h e  e c l i p s i n g  o f  t h e  source  of conjugate  
photoe lec t rons .  
j u g a t e  ionospher ic  p o i n t ,  co inc ident  with t h e  c e n t e r  o f  t h e  e c l i p s e ;  t h e r e f o r e ,  
presumably, a decrease  i n  t h e  e l ec t ron  temperature ,  and an i n c r e a s e  i n  t h e  
F2-layer  maximum e l e c t r o n  d e n s i t y .  Present  r e s u l t s  do not  seem t o  be conclus ive  
i n  t h i s  regard ;  perhaps a d i r e c t  measurement o f  e l e c t r o n  temperature  a t  t h e  
conjugate  po in t  would prove h e l p f u l .  

The time taken f o r  a com- 

This  would lead  t o  a decrease  i n  t h e  h e a t  i npu t  a t  t h e  con- 

5 .  The D reg ion  d u r i s  a s o l a r  e c l i p s e  

The s tudy  o f  t h e  D reg ion  during e c l i p s e  cond i t ions ,  i n  common wi th  t h e  
s tudy  o f  t h e  normal D reg ion ,  has  su f fe red  f rbm t h e  d i f f i c u l t y  of  measuring 
t h e  very small e l e c t r o n  d e n s i t i e s  ( l e s s  than  104 ~ m - ~ )  which occur  below 90 
km. 
an e c l i p s e  (Crary and Schneible  1965) i n  J u l y  1963 showed a change i n  t h e  
phase h e i g h t  of r e f l e c t i o n ,  with maximum excursion delayed a few minutes from 
t h e  time o f  maximum obscura t ion  a t  the  c e n t e r  o f  t h e  VLF pa th .  

However, measurements o f  amplitude and phase o f  a VLF r a d i o  s i g n a l  dur ing  

Smith -- e t  I_ a l .  (1965) made d i r e c t  rocke t  measurements o f  e l e c t r o n  c u r r e n t  
c o l l e c t e d  by a Langmuir probe i n  the  D reg ion  dur ing  a p a r t i a l  s o l a r  e c l i p s e  
i n  J u l y  1963 a t  Fort  Church i l l ,  Canada. The e l e c t r o n  cu r ren t  curves  from t h e  
four  rocke t s  a r e  shown on Figure 9 .  Rocket 1 was f i r e d  j u s t  be fo re  maximum 
phase of  t h e  e c l i p s e ,  when t h e  v i s i b l e  d i s c  was about 9 pe rcen t  uncovered; 
r o c k e t  2 t e n  minutes l a t e r ,  when the  v i s i b l e  d i s c  was about 14 pe rcen t  uncovered; 
r o c k e t  3, with t h e  d i s c  59 percent  uncovered; and rocke t  4 ,  wi th  t h e  d i s c  97 
pe rcen t  uncovered. 
c u r r e n t  and e l e c t r o n  d e n s i t y  may change with a l t i t u d e  below 90 km, it i s  ObvioLis 
t h a t  t he  e l e c t r o n  d e n s i t y  a t  70 km dropped d rama t i ca l ly  dur ing  t h e  maximum phase 
o f  t h e  e c l i p s e ;  by a g r e a t e r  f a c t o r ,  i n  f a c t ,  than  even t h e  area of t h e  v i s i b l e  
d i s c .  We s h a l l  s e e  l a t e r  t h a t  t h i s  r e s u l t  is a key f a c t o r  i n  i n t e r p r e t i n g  t h e  
ion  chemistry o f  t h i s  reg ion .  

Even though t h e  p r o p o r t i o n a l i t y  cons tan t  between probe 

During the  November 1966 e c l i p s e  i n  southern  B r a z i l ,  blechtly -- e t  a l .  (1969) 
were a b l e  t o  measure e l e c t r o n  d e n s i t i e s  with good abso lu te  accuracy by a 
combination o f  t h e  1,angmui.r-probe and rad io-propagat ion  techniques on a s e r i e s  
of f o u r  Nike-Apache rocke t s .  
on F igure  10, and t h e  e l e c t r o n  dens i ty  r e s u l t s  a r e  shown on Figure 11. Between 
r o c k e t s  2 and 3,  which were i n  t h e  beginning and end o f  t o t a l i t y ,  r e s p e c t i v e l y ,  
a t  80 km a l t i t u d e ,  t h e  e l e c t r o n  dens i ty  dropped by a f a c t o r  of t h r e e  between 
about  78 and 85 km, and by a much l a r g e r  f a c t o r  below 75 km. On t h e  o t h e r  hand, 
t h e  E-region i o n i z a t i o n  a t  a l t i t u d e s  about 90 km decreased by almost t h e  same 
f a c t o r  a t  a l l  a l t i t u d e s ,  and d id  not change apprec iab ly  dur ing  t o t a l i t y .  

The t r a j e c t o r i e s  f o r  t h e  f o u r  rocke t s  a r e  expla ined  

P o s i t j v e  ion  d e n s i t i e s  were measured by Bowling -- e t  a l .  (1967) us ing  a 
n e g a t i v e l y  b i a sed  probe on a s e r i e s  o f  sounding rocke t s  dur ing  t h e  s o l a r  e c l i p s e  
of !day, 1966, i n  Greece. They found o s i t i v e  ion  d e n s i t i e s  which decreased 
from about 3000 
t o t a l i t y .  

t o  about 300 cm-? a t  70 kin a l t i t u d e ,  between f u l l  sun and 



Measurements of  p o s i t i v e  ion composition by Narc i s i  e t  a l .  (1969) are 
e- 

shown on Figures 5 and 6.  
very l a r g e  decrease was found i n  t h e  ion concen t r a t ion  a t  80 km a l t i t u d e ;  
though t h e r e  was a g r e a t e r  r e l a t i v e  abundance of  doubly hydra ted  pro tons  dur ing  
the  measurements a t  t o t a l i t y .  

In con t r a s t  t o  t h e  r e s u l t s  o f  Bowling e t  a l . ,  no - -- 

In  i n t e r p r e t i n g  t h e s e  r e s u l t s ,  S e c h r i s t  (1970) has  suggested t h a t  e l e c t r o n -  
ion  recombination i s  t h e  major l o s s  process f o r  e l e c t r o n s  above 80 km a l t i t u d e ,  
and has  deduced a recombination c o e f f i c i e n t  o f  about 4 x cm3 sec-1  between 
78 and 86 km from t h e  r e s u l t s  o f  Mechtly e t  a l .  (1969).  This very l a r g e  recom- 
b i n a t i o n  c o e f f i c i e n t  i s  suggested t o  be a s soc ia t ed  wi th  t h e  recombination o f  
hydra ted  pro tons  with e l e c t r o n s ,  measurements o f  which a r e  not  y e t  a v a i l a b l e  
i n  the  l abora to ry .  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  bo th  Bischoff  and Taubenheim 
(1967) and Crary and Schneible  (1965) have deduced s i m i l a r l y  l a r g e  recombination 
c o e f f i c i e n t s  from VLF d a t a .  

-- 

Below 75 km, t h e  extremely rap id  disappearance o f  i o n i z a t i o n  can be expla ined  
only  by at tachment ,  probably i n i t i a l l y  t o  molecular  oxygen by a three-body 
p rocess ,  followed by charge exchange with ozone. Since atomic oxygen has t h e  
a b i l i t y ,  through a s s o c j a t i v e  detachment, t o  compete with t h e  ozone f o r  t h e  a v a i l -  
a b l e  molecular  oxygen nega t ive  ions ,  t h e  r a t e  a t  which nega t ive  ions  of  ozone 
a r c  formed probably depends c r i t i c a l  l y  on t h e  atomic oxygen-to-ozone r a t i o .  
Keneshea -- e t  a l .  (1969) hpve shown t h a t  t h i s  r a t i o  can change d rama t i ca l ly  dur-  
i ng  an e c l i p s e ;  f o r  exanqile, Figure 1 2  shows t h e i r  c a l c u l a t i o n  of var ious  minor 
c o n s t i t u e n t s  a t  70 km a l t i t u d e  f o r  t he  circui is tances  o f  t h e  p a r t i a l  e c l i p s e  a t  
For t  Church i l l ,  Canada i n  J u l y  1963. The r a t i o  of  t h e s e  cons t i . tuents  changes 
by more than an o r d e r  o f  magnitude during t h i s  e c l i p s e ;  and t h e  e f f e c t i v e  l o s s  
c o e f f i c i e n t  f o r  e l  ectroris would t h e r e f o r e  be  expected t o  inc rease  by a correspond- 
i n g  r a t i o .  I t  i s  p o s s i b l e  tha t  t h e  anomalous behavior  o f  t he  e l e c t r o n  d e n s i t y  
below 75 km near t o t a l i t y  could b e  explained on t h i s  b a s i s ;  namely, a v a r i a t i o n  
i n  l o s s  c o e f f i c i e n t  throughout the  e c l i p s e  produced by t h e  djsappearance of 
t h e  d i s s o c i a t i n g  in f luence  of  u l t r a v i o l e t  s o l a r  r a d i a t i o n  from the  v i s i b l e  d i s c .  

6 .  Conclusion 

I n t e r p r e t a t i o n  o f  ionospher ic  measurements taken  dur ing  s o l a r  e c l i p s e s ,  
i n  summary, w i l l  need t o  take i n t o  account t h e  fo l lowing  cons ide ra t ions :  

1. The non-.uniformity o f  s o l a r  r a d i a t i o n ,  bo th  i n s i d e  and o u t s i d e  t h e  
s o l a r  d i s c ;  

2. The varying ion  con.position o f  t h e  D and E r eg ion ;  

3.  Changes i n  e l e c t r o n  and ion temperature  i n  t h e  F reg ion ,  and t h e  
t r a n s p o r t  effects  assoc ia ted  wi th  them; 

4. Changes i n  minor cons t i t uen t  concent ra t ions  i n  t h e  D reg ion ,  and 
t h e i r  effects  on e l e c t r o n  loss C o e f f i c i e n t s  and ion chemistry.  

In  add i t ion ,  i t  would be g rea t ly  advantageous t o  coord ina te  measurements 
u s i n g  ground-based techniques such as sweep- frequency r e f l e c t i o n  sounding, 
s a t  e l  1 i t e  Faraday r o t a t i o n ,  and Thomson-s c a t  t e r  soundi ng , with space techniques 
invo lv ing  r a d i o  and d i r e c t  sens ing  experiments on rocke t  v e h i c l e s .  



I t  i s  c e r t a i n  t h a t  e c l i p s e  experiments will remain a h i g h l y  u s e f u l  t o o l  
f o r  explor ing  t r a n s i a n t  p r o p e r t i e s  o f  ionospher ic  c o n s t i t u e n t s ,  and determining 
r a t e s  f o r  chemical and t r a n s p o r t  processes  a s soc ia t ed  wi th  them. 
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